Introduction
It is well known that Asian dust impacts regional and remote air quality and climate over eastern Asia, the Pacific Ocean, and beyond (Husar et al., 2001; McKendry et al., 2001; Yu et al., 2003) . The Taklimakan Desert, which is located in the Tarim Basin and bounded on three sides by high mountains, is one of the largest deserts in the world, covering ∼320 000 km 2 . It is considered to be a major source of the dust transported into the North Pacific. Sun et al. (2001) suggested that dust materials from the Taklimakan Desert can be lifted over 5 km and transported over long distances by westerlies. Bory et al. (2003) compared the mineralogical and isotopic characteristics of mineral dust deposits in northern Greenland and in China and Mongolia, and suggested that the Taklimakan Desert is a primary dust source during spring. By analyzing three independent datasets (Nd isotopic composition measurement, back-trajectory, and numerical model simulations), Grousset et al. (2003) suggested that the dust event observed on 6 March 1990 in the Alps was very likely to have originated in the Taklimakan Desert. Matsuki et al. (2003) analyzed aircraft and lidar measurements 8546 K. Yumimoto et al.: An elevated large-scale dust veil from the Taklimakan Desert over central Japan and found that the Taklimakan Desert was also an important source of atmospheric background dust. However, direct observational evidence of intercontinental transport of Asian dust to Europe is lacking, so there is little support for these findings. In addition, the uplifting mechanism of dust particles into the high troposphere over the Taklimakan Desert, which leads to the subsequent long-range transport, requires more detailed exploration.
Long-range transport of dust particles affects Earth's radiative budget both directly through scattering and absorbing solar radiation (Bohren and Huffman, 1983; Sokolic and Toon, 1996) and indirectly through changes in cloud physical and radiative properties as cloud condensation nuclei (Twomey, 1977; Sassen, 2002) . Through deposition, transported dust also acts as a source of nutrients for marine plankton in upper ocean waters (Martin et al., 1994; Duce et al., 1991) . To estimate these effects accurately, extensive measurements of dust transport altitudes, patterns, and lifetimes are required. Passive satellite observations (e.g. the Total Ozone Mapping Spectrometer, TOMS, Aerosol Index and Moderate Resolution Imaging Spectroradiometer, MODIS, aerosol optical thickness data) have provided useful information on dust horizontal transport. However, observation of the three-dimensional (3-D) distribution (particularly the vertical structure) of dust transport using these passive measurements is difficult.
The space-based Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) launched on 28 April 2006 provides new information on the global vertical distributions of aerosols and clouds (Winker et al., 2007) . CALIOP offers a unique opportunity to measure dust vertical distributions globally through depolarization ratio measurements. Using CALIOP observations, Liu et al. (2008a) presented a study of a large-scale dust plume that originated in the Saharan Desert and was transported across the North Atlantic into the Gulf of Mexico in the lower troposphere (<7 km) in 10 days. Seasonal 3-D distributions of airborne dust over East Asia have been derived from the first year of CALIOP measurements (Liu et al., 2008b) . Dust distributions and seasonality are influenced significantly by the unique orography of the Tibetan Plateau. Huang et al. (2008) investigated the vertical structures of Asian dust based on CALIOP observations during the Pacific Dust Experiment (PACDEX). However, it is difficult to capture detailed 3-D structures and daily variations using CALIOP measurements alone because of the large longitudinal interval between two consecutive CALIPSO orbits (∼1000 km at mid-latitudes). Comprehensive studies are required of each dust source to understand its role in Asian dust generation and transport. Recently, Uno et al. (2008 ), Generoso et al. (2008 , and Eguchi et al. (2009) performed integrated analyses using CALIOP measurements and numerical model simulations, providing more detailed observations of the 3-D structures of Asian and Saharan dust transport.
An intensive dust storm occurred on 19-20 May 2007 in the Taklimakan Desert. Over the following days, CALIOP detected an optically thin, highly lofted, extensive dust layer, which was transported over eastern Asia, the Pacific Ocean, North America, and the Atlantic Ocean. We call this type of dust layer a "dust veil" to emphasize its vertically thin and horizontally extensive structure. In this study, we comprehensively investigated the emission and injection processes over the source region, the subsequent intercontinental transport, and the 3-D structure of the dust veil. We combined regional and global aerosol transport models, in situ measurements, and passive and active satellite observations.
The models and observation data used in this study are described in Sect. 2. A detailed analysis of the emission and injection processes over the Taklimakan Desert using a regional dust model is presented in Sect. 3, along with analysis of the global transport and 3-D structure of the dust veil. We present our conclusions in Sect. 4.
Numerical models and observation datasets

Numerical models
We used global and regional numerical models in our analyses. The regional model (with finer horizontal and vertical resolutions) was used for a detailed analysis of the emission and injection of the dust veil from the Taklimakan Desert. The subsequent intercontinental transport of the dust veil was analyzed using the global aerosol transport-radiation model.
The Regional Atmospheric Modeling System/Chemical Weather Forecast System with four-dimensional variational data assimilation system (RAMS/CFORS-4DVAR) regional dust transport model (RC4; Yumimoto et al., 2007 Yumimoto et al., , 2008 was used to analyze dust veil generation over the source region. RC4 is based on the successful RAMS/CFORS dust model . The RC4 domain was located over eastern Asia (Fig. 1) , with a horizontal resolution of 40 km and 55 vertical stretching layers from the surface to 20 km (a vertical resolution of 140 m at the surface and 400 m at the top). To investigate the dust veil origin, dust emissions were limited to those over the Taklimakan Desert. In addition, to understand visually how dust particles were injected into high altitudes over the Tarim Basin, we also performed a simplified wind-driven tracer simulation with wind fields obtained from the RAMS/CFORS simulation. In the tracer simulation, dust tracers were emitted from the surface when the surface wind speed became greater than 6.5 m/s and were then transported by the modeled wind fields. The number of emitted tracers was proportional to the cube of the surface wind speed. The threshold wind speed and third power-law relation were based on the results of both surface observations (e.g. Kurosaki and Mikami, 2003) and numerical models (e.g. Tegen and Fung, 1994; Takemura et al., 2005) . The global Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS; Takemura et al., 2005) was used in this study. SPRINTARS includes explicit estimates of the direct, first indirect, and second indirect effects of aerosols. The horizontal resolution was T106, with 56 layers in a sigma coordinate. To focus on the transport of the dust veil from the Taklimakan Desert, emissions from all other regions (e.g. the Gobi Desert, Mongolia, or Inner Mongolia) were neglected.
Both the regional and global model simulations were nudged by 2.5 • ×2.5 • National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data, with a time interval of 6 h. The reanalysis data were also used for the meteorological boundary conditions of RAMS.
Observational data
CALIOP
The space-based lidar CALIOP, which was launched on 28 April 2006 aboard CALIPSO, provides vertical distributions of aerosol and clouds on a global scale (Winker et al., 2007) . For comparison with the model simulations, we retrieved vertical profiles of the dust extinction coefficient from the total attenuated backscatter contained in the Level 1B CALIOP data (ver. 2.01), using Fernald's inversion (Fernald, 1984) by setting the lidar ratio S1=50 sr (Shimizu et al., 2004) . Then, the retrieved vertical profiles were averaged to the resolution of the CALIOP Level 2 data (5 km). The cloud-aerosol discrimination (CAD) index in the Level 2 CALIOP data was used for cloud layer detections. Our method of CALIOP data processing was identical to those of Uno et al. (2008 Uno et al. ( , 2009 
NIES lidar network
The National Institute for Environmental Studies (NIES) lidar network consists of 21 standard lidar observation sites distributed over Japan, Korea, China, Mongolia, and Thailand. It provides vertical profiles of aerosols and clouds with a high temporal resolution (15 min). Observation results are displayed in real time at http://soramame.taiki.go.jp/dss/kosa/ and have been used for inverse modeling of Asian dust in combination with a numerical model (Yumimoto et al., 2007 . Shimizu et al. (2004) have provided a detailed description of the NIES lidar data processing.
Other observations
We also used Aerosol Index (AI) measurements from the Ozone Monitoring Instrument (OMI) to examine the horizontal distributions of dust loading over the source region. The OMI AI provides a semi-quantitative estimate of columnar aerosol loading in a given pixel. A positive AI value indicates the presence of UV-absorbing aerosols . The World Meteorological Organization (WMO) SYNOP data (wind speed, wind direction, visibility, and weather) were also used to investigate the emission of dust from the Taklimakan Desert. Shao et al. (2003) Height ( following empirical relationships between visibility and dust concentrations by fitting near-surface total suspended particle (TSP) measurements to visibilities:
(1)
where C SYNOP is the dust concentration (µg/m 3 ), and V SYNOP is the SYNOP visibility (km). Because C SYNOP is based on an empirical equation, it is sometimes difficult to estimate the absolute concentration level. We then present results on the 3-D structure of the intercontinental dust veil transport.
Results and discussion
Emission and injection of the dust veil
The emission and injection of dust into the air over the source region were very important for the formation of the dust veil and its subsequent long-range transport. We performed a comprehensive analysis to investigate these processes using multiple measurement datasets and analysis tools. Figure 3 shows the meteorological conditions over the Tarim Basin from the RC4 regional model simulation with distributions of OMI AI during 17-22 May. Figure 4 presents dailyaveraged cross-sections of wind fields for the regions indicated by the green rectangles in Fig. 3 . For visualization of the injection process, results from the simplified wind-driven tracer simulations are also shown. The tracer distributions agree quite closely with those of the modeled dust extinction coefficients. Figure 5 shows the simulated RC4 and reported SYNOP surface wind speeds and directions at the three SYNOP stations Alar, Tazhong, and Ruoqiang, which were located respectively in the northern, middle, and eastern regions of the Taklimakan Desert (marked by letters A, T, and R in Fig. 3 ). Dust concentrations derived from SYNOP visibilities and RC4 surface dust concentrations are also shown.
On 17 May, a low pressure region (L 1 ) was in northern Mongolia, as shown in Fig. 3a . At this time, strong northern winds were produced over the northern side of the Tarim Basin, but the air inside the basin was still calm. The tracer simulation showed that only a small amount of dust tracers were emitted from the surface to the basin (Fig. 4a) . The three SYNOP stations reported weak surface winds (≤3 m/s; not shown).
On 18 May (Figs. 3b and 4b) , cold northerly surface winds associated with the low pressure L 1 became stronger over northwestern China. Forced by the Tibetan Plateau, these winds changed direction and blew into the basin along the corridor on the eastern side. Meanwhile, a cold front formed over Mongolia, as indicated by the black line in Fig. 3b . OMI AI levels were still low over the desert. In the tracer simulation (Fig. 4b) , strong surface winds began to sweep a significant amount of dust into the air, and the top of the dust plume reached the height of the Tibetan Plateau. At SYNOP stations, both the wind speed and direction changed suddenly, and a strong northeasterly wind formed in the basin, consistent with the RC4 simulated wind fields (Fig. 5) .
On 19 May (Figs. 3c and 4c ), strong wind blasted toward the southern side of the basin and produced upslope winds (about 0.2 m/s in the vertical direction). The windblown dust tracers were then carried up to free atmosphere by the upward wind along the northern slope of the Tibetan Plateau. At this point, the OMI AI became larger over the basin. SYNOP stations, except the northern station at Alar, reported strong surface winds (>5 m/s) and low visibilities (<3 km). Particularly at Ruoqiang, considerably low visibility (<1 km) persisted for 15 h.
On 20 May (Figs. 3d and 4d) , the strong surface wind continued to inject dust tracers into the atmosphere. The OMI AI indicated that dense dust spread over the entire basin. The uplifted particles reached an altitude of ∼9 km and were captured within the 320-340 K potential temperature zone. They were subsequently transported eastward by the strong westerly wind (>20 m/s) and started their intercontinental travel. SYNOP stations reported that strong surface winds (>5 m/s) persisted over the basin on this day. Following the low pressure L 1 , another low pressure region (L 2 ) appeared north of the basin.
On 21 May (Figs. 3e and 4e) , the OMI AI showed that most of the dust loading had been transported eastward out of the basin. At Tazhong (center) and Ruoqiang (east), the wind direction changed quickly from easterly to westerly. SYNOP reported rain at all three stations, indicating a widespread rain event within the basin.
On 22 May (Figs. 3f and 4f ), OMI AI indicated that the dust has been transported to Mongolia and had become weaker. Meanwhile, another dust storm occurred in the basin, associated with the second low pressure region (L 2 ). This dust storm appeared to be weaker than the first one. SYNOP stations observed higher visibilities over the basin (≥6 km). Aoki et al. (2005) classified the mesoscale cold wind that produces dust storms in the Tarim Basin into three patterns. The wind that produced the dust veil studied here may be identified as Pattern 1. This pattern is characterized by an easterly mesoscale surface wind, which is separated from the synoptic-scale cold westerly. The surface cold wind changes its direction to westward after going around the eastern side of the Tian Shan range (compare Figs. 5 and 3 of Aoki et al., 2005) . Eguchi et al. (2009) reported another case of long-range transport of Taklimakan dust occurring during 8-10 May 2007 that fit Pattern 1. The high and steep mountainside terrain of the Tibetan Plateau on the southern side of the basin plays a key role in forming the strong updraft that carries dust particles into the upper troposphere for long-range transport by westerlies.
To investigate the evolution of dust veil transport in the upper troposphere (9-12 km) during the first few days, Fig. 6 shows a day-by-day overview of the RC4 simulated dust aerosol optical depth (AOD), wind field at ∼8 km above mean sea level (MSL), center locations of the low pressures, and cloud distribution observed by MODIS/AQUA over eastern Asia. Longitudinal vertical transects of the RC4 dust extinction coefficients and potential temperature are also shown. Note that the RC4 simulation shown in Fig. 6 allowed only dust emission from the Taklimakan Desert.
On 21 May (Fig. 6a) , dust was injected into the upper troposphere, reaching an altitude of 9 km m.s.l. at 04:00 UTC (also see Fig. 4e ). At ∼19:00 UTC, CALIOP passed over the Gobi Desert and detected two dense dust layers (Figs. 7a and 2a: 21 May-190843 path). One dust layer was near the surface, while the other was at an altitude of 6-10 km. The RC4 simulation (Figs. 7b and 2c: 21 May-190843 path), which only considered dust emissions from the Taklimakan Desert, reproduced only one dust layer at higher altitudes, indicating that the upper dust layer observed by CALIOP originated in the Taklimakan Desert. The lower layer should have been generated by other sources (very likely the Gobi Desert).
On 22 May, the eastward transport of the dust increased in speed within the westerly (upper panel of Fig. 6b ; also see the OMI AI distribution in Fig. 3f ). The vertical crosssection (lower panel in Fig. 6b) shows that the dust loading was transported across the Altun Shan range in the northeastern Tibetan Plateau (Fig. 1) with a thin structure within a potential temperature zone of 320-340 K. CALIOP (Fig. 2a: 22 May-181306 path) also detected a thin dust layer at 6-12 km on this day.
On 23 May (Fig. 6c) , the low pressure region L 2 was deepening and forming a cold front over the Gobi Desert. The modeled AOT horizontal distribution (upper panels in Fig. 6c) shows that the dust veil was transported in front of the L 2 cold front extending in the north-south direction through the meandering westerly. The vertical cross-section (lower panel in Fig. 6c) shows that the lower part of the dust remained behind the L 2 cold front near 115 • E, whereas the upper part (i.e. the dust veil) was transported beyond the cold front. This indicates that the dust veil in the upper troposphere could travel faster than lower dust clouds (e.g. the Gobi dust, which was transported typically at altitudes <5 km). Eguchi et al. (2009) reported a Taklimakan dust layer that was transported at ∼10 km and caught up with a Gobi dust layer generated 5 days earlier, forming a twolayered dust distribution over the eastern North Pacific.
On 24 May (Fig. 6d) , the dust veil was transported farther between L 2 and L 1 along the westerly, with its front part reaching Japan. The cross-section showed that the dust veil traveled at 6-11 km altitude within the isentropic surface of potential temperature 320-340 K. In the following days, the dust veil continued its long journey to North America and the North Atlantic, as discussed in the following subsection. Fig. 3 ). Dust concentrations derived from visibilities and rain events are shown as symbols. The RC4 simulated surface dust concentrations are also shown.
Intercontinental transport
As shown in Fig. 2a , CALIOP captured the intercontinental transport of the dust veil from the Taklimakan Desert to the North Atlantic Ocean during 20-31 May 2007. Corresponding vertical transects of the model-simulated dust extinction coefficients are presented in Fig. 2c . In that figure, four transects over eastern Asia during 21-24 May were derived from RC4, while the rest were from SPRINTARS. Together, the two models tracked the dust veil transcontinental transport quite well. In addition, we performed a preliminary SPRINTARS simulation in which the dust emission of the Taklimakan Desert was eliminated and other aerosol sources (sulfate, sea salt, carbonaceous particles, and dust from non-Taklimakan Desert sources) were included. The non-Taklimakan dust simulation could not capture the dust veil measured by CALIOP (not shown). This indicates that dust from other sources (i.e. the Gobi Desert) and non-dust aerosols could not be carried to such a high altitude, and hence did not contribute to the dust veil formation. Figure 2b shows forward and backward trajectories by the Hybrid Single Particle Lagrangian Integrated Trajectory (HYS-PLIT) Model (Draxler and Hess, 1998) . The trajectories show the long journey of the dust veil from the Taklimakan Desert, over the North Pacific and North America, and into the North Atlantic Ocean.
The two panels in Fig. 8b present vertical cross-sections of the dust extinction coefficients measured by CALIOP and simulated by the RC4 model along the CALIPSO track on 23 May in Fig. 8a . The NIES lidar at Nagasaki (129.98 • E, 32.94 • N) also detected a 1-km-thick dust veil passing overhead at 6-7 km altitude during the night of 23-24 May (left panel in Fig. 8c ). For comparison, the RC4 simulated dust extinction coefficient at Nagasaki is also presented in the right panel of Fig. 8c . The height, thickness, and passage time of the dust measured by the NIES lidar were consistent with those measured by CALIOP. The RC4 model captured similar, but considerably underestimated, dust veil characteristics. Figure 9a shows a longitudinal cross-section of the SPRINTARS dust extinction coefficient and potential temperature along the HYSPLIT trajectory from the Taklimakan Desert to the North Atlantic Ocean. Figure 9b (lower panels) compares averaged vertical profiles of dust extinction coefficients along the CALIOP orbit paths at ∼145 • E (eastern Asia), 5 • W (the date line), and 70 • W (Atlantic Ocean). The vertical profiles are normalized by the maximum values.
The SPRINTARS dust extinction coefficient (Fig. 9a ) shows that the dust veil formed over the Taklimakan Desert was transported eastward at 5-10 km along the isentropic surface of 310-340 K over eastern Asia. CALIOP observed a thin dust layer of <1 km on 24 May (the left panel of Fig. 9b ; see also Fig. 2) . However, the models were unable to capture the fine structure of the dust layer due to their low vertical resolution. Compared to the CALIOP and RC4 profiles, the center of the dust layer simulated by SPRINTARS was transported at a lower altitude. This may reflect the fact that the global model with a coarser resolution could not properly represent the rapidly changing surface elevation and complicated terrain over the source and surrounding regions, which plays an important role in the injection of dust particles into the upper troposphere (see Sect. 3.1). However, SPRINT-ARS simulated dust altitudes reasonably closely in areas far from the source region (see the middle and right panels of Fig. 9b ). The SPRINTARS simulation shows that the dust veil travelled at 4-9 km in altitude with a thickness of 1-4 km, and horizontally at 30-40 • N over the Pacific Ocean (also see Fig. 2 ). The HYSPLIT forward trajectory (Fig. 2b) presented dust passing over the western Pacific at higher latitudes and altitudes than both the CALIOP observation and SPRINT-ARS simulation. Comparison of vertical profiles near the date line (center panel of Fig. 9b) indicates that the SPRINT-ARS simulation captured the dust veil quite closely.
The dust veil reached the west coast of North America on 28-29 May at 4-10 km (see also and horizontally at 25-40 • N (about 1700 km). The dust veil became more scattered vertically than it was over eastern Asia because of the deposition and diffusion of the dust particles (also see Fig. 9b ). Grousset et al. (2003) reported that the Asian dust plume emitted in China on 25 February 1990 might have merged with the dust cloud transported from the Sahara Desert over Europe. We were unable to find clear evidence that the dust veil studied in this paper mixed with Saharan dust in the CALIOP measurements, SPRINTARS results, or HYSPLIT trajectory analysis.
The dust veil took 12 days (20-31 May; also see HYS-PLIT trajectories in Fig. 2b ) to reach the North Atlantic Ocean from the dust source region, corresponding to a transport speed of ∼1500 km/day, consistent with the findings of Grousset et al. (2003) (20 000 km in 2 weeks based on a trajectory analysis) and Eguchi et al. (2009) (2000 km/day) . The SPRINTARS simulation estimated a dust inflow to the Pacific Ocean (at 130 • E) of 30.8 Gg (Fig. 9a) . estimated that the horizontal dust flux over the Taklimakan Desert in summer is 40-50 Gg/day. tracked the Taklimakan dust transported in one full circuit around the globe, and estimated that 75 Gg of dust was transported to the Pacific Ocean through the 120 • E meridian. SPRINTARS also calculated that 65% of the transported dust was deposited in the Pacific Ocean (between 140 • E and 130 • W), and 18% was transported into the North Atlantic Ocean (at 80 • W), as shown in Fig. 9a . This implies that the intercontinental transport of the dust veil brought mineral dust particles to remote atmospheres and open oceans far from the Taklimakan Desert. Both the global and regional numerical models successfully captured the intercontinental transport of the dust veil, consistent with the CALIOP measurements and HYSPLIT trajectories, although they generally underestimated the dust extinction coefficients (see Figs. 2 and 8) . Particularly in North America and the North Atlantic Ocean, the model underestimated the dust extinction coefficient by one to two orders of magnitude. This underestimate led to large uncertainty in the dust deposition amounts. The Taklimakan Desert is located in the Tarim Basin, surrounded on three sides by high mountains (see Fig. 1 ), which complicates meteorological modeling inside the basin (Uno et al., 2005) . The horizontal resolutions of both models may be insufficient to capture the sharply changing terrain, detailed wind fields, and dust emission. This may be one reason for the underestimation of dust emission in our model simulations. Compared to the dust concentrations derived from SYNOP visibility measurements, the RC4 model underestimated dust concentrations considerably in the source region (Fig. 5) . The observed dust veil was only 1-2 km thick from eastern Asia to the Pacific Ocean. The vertical resolutions of both models may be still too coarse to reproduce such a fine structure and may be another cause for the underestimation of dust extinction coefficients. Simulations with better spatial resolution and data assimilation methods (e.g. Yumimoto et al., 2007 Yumimoto et al., , 2008 may reduce the uncertainty of quantitative estimates in the future.
Concluding remarks
CALIOP onboard the CALIPSO satellite tracked a highly lofted, extensive dust veil travelling over eastern Asia, the Pacific Ocean, North America, and the Atlantic Ocean, which was generated in an intensive dust storm during 19-20 May 2007 in the Taklimakan Desert. By combining multiple observation datasets and analysis tools, we comprehensively investigated the dust emission and injection processes over the source region to understand the generation mechanism of the dust veil, along with its subsequent intercontinental transport and 3-D structure.
The regional RC4 model was used to analyze the emission and injection processes of the dust veil over the source region, in combination with passive satellite measurements and ground weather observations. During 19-20 May, strong northeasterly surface winds associated with a low pressure region blew into the Tarim Basin through the eastern corridor, moving large amounts of dust into the air. Meanwhile, strong updraft winds along the northern slope of the Tibetan Plateau brought airborne dust particles up to the upper troposphere (about 9 km m.s.l.). The highly lofted dust particles in the upper troposphere were then transported eastward by the westerly. The SYNOP surface weather observations recorded persistently low visibilities (<1 km) over the basin, indicating that the dust event was exceptionally intensive. Two mechanisms played a key role in the formation of the dust veil in the Taklimakan Desert. One was the presence of strong surface winds associated with low pressures in the basin, which blew up massive amounts of dust from the ground and into the atmosphere. The other was the formation of a strong updraft by
